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Abstract 
The Molten Salt Fast Reactor is a reactor con-
cept developed by the European Union based 
on a liquid fuel salt circulating through the re-
actor core. A peculiar emergency system, 
which takes advantage of the liquid fuel state, 
is represented by a tank located underneath 
the core, where the fuel can be passively 
drained and cooled; its geometry ensures that 
the fuel remains in subcritical conditions. 
In the framework of the SAMOFAR project, a 
design for the Emergency Draining Tank has 
been proposed: the tank shall be equipped 
with vertical cooling elements, arranged in a 
hexagonal grid; the liquid fuel salt, which heats 
up due to decay heat, will fill the gaps between 
the elements. 
In this work, analytical methods (Green’s func-
tions and orthogonal decomposition) are em-
ployed to study the transient heat transfer as-
sociated with the proposed design and to 
perform a preliminary dimensioning of the sys-
tem, such that overheating is avoided in any 
moment of the transient and the fuel salt is kept 
in a liquid state and in safe conditions for a long 
time. The models are constituted by multilayer 
monodimensional slabs and cylinders, with a 
pure heat conduction model. The assessment 
of the available grace time and preliminary 
considerations about fuel salt freezing and its 
influence on the system effectiveness are also 
included. 
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The Molten Salt Reactor concept, originally de-
veloped at the Oak Ridge Laboratories [1] is 
currently under study by many public and pri-
vate actors. Among them, the European Union 
is developing the Molten Salt Fast Reactor 
Concept (MSFR) with the SAMOFAR project 
[2], in the framework of the HORIZON-2020 
program. 
The used fuel is a binary salt, composed of lith-
ium and actinides fluorides. At the operating 
temperature (~725 ºC), the fuel is in liquid state 
and continuously flows through the core and 
the intermediate heat exchangers. The geo-
metrical configuration ensures that criticality is 
achieved only in the core region, where the liq-
uid heats up due to the fission reaction; a frac-
tion of the nominal power (3 GWth) is, how-
ever, released outside of the core in form of 
decay heat [3], [4]. 
Taking advantage of the liquid state of the fuel, 
an Emergency Draining System has been in-
cluded in the design: in case the fuel overheats 
it can be passively relocated (through freeze 
plugs) in the Emergency Draining Tank (EDT), 
where it is kept in safe conditions. The geome-
try of the tank is specifically designed to keep 
the fuel salt in subcritical conditions, but the de-
cay heat has to be somehow evacuated to en-
sure long-term safety. 
Gérardin et al. [5] investigated in the past the 
design of the EDT from the neutronic point of 
view, to ensure the system subcriticality, and 
performed preliminary calculations on the heat 
transfer. The present work aims at studying dif-
ferent options from the heat transfer point of 
Group: Transmutation 
20 
view with the intention to suggest a design so-
lution that assures the safety of the system and 




The proposed EDT is a cavity filled with hex-
agonal cooling assemblies, arranged in a hex-
agonal grid. The drained fuel is transferred 
from the core to the EDT through a funnel-
shaped draining shaft [6] ending above the 
central assembly, which does not have cooling 
capability but helps achieving an equal distri-
bution of the fuel salt in the tank [4], [5]. 
Each assembly, as shown in Fig. 1, is consti-
tuted by a water pipe surrounded by a layer of 
an inert material enclosed in a steel casing; the 
fuel fills the gaps between the assemblies 
[[4]][[5]]. 
 
Fig. 1.  EDT cooling assembly scheme and 
model unit cell 
 
This work will consider different options for the 
inert and fuel salt thickness; the 3-cm-steel 
layer, instead, will not be changed, as it is con-
sidered a needed safety measure to keep a ro-
bust structure that prevents the fuel salt from 
mixing with the inert material. The influence of 
the steel components on the temperature pro-
file is, however, very limited, due to their high 
thermal conductivity and low thermal capacity. 
It is clearly possible (and advisable) modeling 
only the unit cell of the assembly, i.e. the rec-
tangular triangle representing 1/12 of the 
whole assembly and depicted in Fig. 1. 
 
Design Objectives 
The EDT aims at ensuring the coolability of the 
fuel salt that, as a result of the accumulation of 
fission products and transuranics due to fis-
sion, has an internal heat generation due to de-
cay heat; such time-dependent generation is 
provided by a fitted curve [[4]], based on the 
reactor isotopic composition. 
The design should be capable of preventing 
the fuel salt from boiling. In addition, as the 
structural integrity of the tank should be kept, a 
safety limit should be set to avoid any deterio-
ration of the steel mechanical properties. The 
maximum admissible temperature is set to 
1200°C, which is considered a safe margin be-
fore the steel mechanical properties are com-
promised [4]. Being such value lower than fuel 
boiling point, above 2000 K [7], the tempera-
ture limit is entirely defined by the steel. 
The EDT is intended to be used, in principle, 
only in case of emergency [4]; anyhow, one 
cannot exclude that spurious discharge can 
occur or that, in some cases, the system can 
be employed in other circumstances. In all 
cases, it is not acceptable that the fuel salt be-
comes useless once drained; this means that 
the draining operation should be reversible. 
Such point requires basically two conditions: 
the fuel salt in the EDT does not form a homo-
geneous mixture with other materials; the salt 
is kept in a liquid state for a long time, so that 
it can be pumped back into the core as soon 




In order to increase the safety level provided 
by the design, this should be able to provide 
additional grace time [5], i.e. the intervention of 
the operators should not be required immedi-
ately to ensure the fuel coolability. The study of 
the coolant system, or whether it should be op-
erated in natural or forced circulation, is not 
within the scope of this paper; however it is im-
portant to estimate the maximum time allowed 
before the coolant flow is available, compatible 





The convective motion is not considered in the 
model. The establishment of natural circulation 
cannot be excluded, as the cooling on the steel 
side combined with the internal heating and 
symmetry condition on the other side will lead 
to a temperature gradient. Nevertheless, the 
space between the two plates is very small and 
the flow can be disturbed by local fuel solidifi-
cation and by the initial conditions of the drain-
ing; also, the circulation scheme could be more 
complicated than expected, involving more unit 
cells in a systemic circulation. However, as it is 
considered that the natural convection can 
only improve the heat transfer by favoring re-
mixing of the fluid, the exclusion of the phe-
nomenon can only make the calculation of the 
system maximum temperature more conserva-
tive; on the contrary, for the same reason, the 
fuel temperature at the interface with the cool-
ing assembly might be higher than calculated. 
Hence the match with the safety limit will be 
checked with the maximum system tempera-
ture rather than the maximum steel one. 
More precisely, with regards to its motion, the 
fuel salt is considered to be completely at rest, 
as if it were a solid. This conflicts with the cha-
otic movement expected by the fuel salt during 
the draining, which will take some time before 
it settles down. Anyhow, the advantages pro-
vided by the exclusion of the convective motion 
(namely, the model is more conservative) ap-
plies also in this case. 
 
Initial temperature 
We hypothesize that the flushing is instantane-
ous as the reactor stops operating: no fuel en-
ergy is lost or gained during the draining and 
the initial temperature is the average operating 
temperature in the core, i.e. 725 ºC [4]. Simi-
larly, the cooling assemblies are not pre-
heated, and they are initially at room tempera-
ture, assumed to be 20 ºC. 
This constitutes an approximation because, 
actually, the draining can take a few minutes to 
be completed, and it has an influence on the 
fuel initial temperature and on the generated 
heat flux. The initial temperature, in fact should 
reflect the time required for the freeze plugs of 
the core to open, the heating of the collector, 
the energy released through the draining shaft 
to the surrounding air… Similarly, the decay 
heat generated starts dropping as soon as the 
system is not critical anymore, i.e. before the 
fuel reaches the EDT.  
 
Material properties 
The temperature dependence of the material 
properties is neglected; the introduction of tem-
perature-variable properties, in fact, would 
change radically the problem characterization, 
which would become non-linear [8]. The ana-
lytical solution of a non-linear problem is much 
more complicated and not always feasible; in 
particular, in a non-linear system the superpo-
sition of effects, which is at the base of the 
Green’s function approach, cannot be applied. 
For similar reason, the latent heat could also 
not be taken into account. 
However, as the internal (coolant tube) and ex-
ternal (casing) steel walls are expected to have 
very different temperatures, their constant 
properties (related to the same kind of steel) 
are sampled for the temperature ranges which 
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are most close to the expected conditions (as 
shown in Table I). Being the dimensioning of 
the tank still in a preliminary phase, specific 
steel has not been selected; the 316 stainless 
steel [[9]] has then been used. This choice has 
hardly an effect on the results of our study, as 
the thermal transfer is dominated by the other 
materials, which have much lower thermal con-
ductivities and higher heat capacity. 
The material inside the cooling assembly has 
the function to conduct the heat to the cooling 
tube during its functioning and provide thermal 
inertia to the system during the grace time. As 
a large amount of heat can be stored as fusion 
latent heat, the ideal material should be solid 
at room temperature, but melt at a temperature 
below the maximum allowable temperature, 
i.e. 1200 ºC, assumed as safety limit for the 
steel. Hence, FLiNaK [10] has been chosen. 
 
Analytical Formulation 
The basic relation to describe the heat conduc-








being 𝛼 the thermal diffusivity, 𝜆 the thermal 
conductivity and ?̇? the internal volumetric heat 
generation rate of the material. 
The space dependence of the material proper-
ties can be removed by applying the equation 









       𝑖 = 1. . 𝑀 (2) 
and imposing the temperature and heat flux 
continuity on the boundary surfaces Si (per-
fect thermal contact) as boundary conditions 
(BCs) 







   ∀𝒙 ∈ 𝑆𝑖 , 𝑖 ∈ (0, 𝑀). (4) 
The problem is closed with the initial conditions 
defined in §2.3.2 and imposing a symmetry 
condition on the fuel side and a fixed tempera-
ture condition on the water side 
𝜕𝑇𝑀(𝒙,𝑡)
𝜕𝒏
= 0          ∀𝒙 ∈ 𝑆𝑀 (5) 
𝑇1(𝒙, 𝑡) = 𝑇∞          ∀𝒙 ∈ 𝑆0. (6) 
This latter condition implies that the water is 
considered as a perfect heat sink, kept at con-
stant temperature. 
The solution of the presented problem [8] is a 
convolution of the Green’s functions Gij 











While the first term considers the initial condi-
tions, which can be regarded as an instantane-
ous impulse, the second one takes into ac-
count the effect of the internal heat generation, 
composed by the contribution of all the im-
pulses from the initial time, appropriately 
weighted depending on the elapsed time. It is 
Table I. Materials thermal properties 
 









𝝀 (𝑾 ⋅ 𝒎−𝟏 ⋅ 𝒔−𝟏) 1.7 0.905 15.1 24.5 




important noticing that the Green’s function de-
pends on two regions: the function represents 
the way the region j affects the temperature 
distribution in i. 
 
Assessment of the Mathematical Model 
The height of each cooling assembly is much 
larger (in the order of meters) than the trans-
versal dimensions (dm): hence the reduction 
from a 3D to a 2D geometry is straightforward 
and has a negligible effect on the results accu-
racy, at least as far as convection is excluded. 
The 2D section described in §2.1, instead can 
be easily approximated by a multilayer trape-
zoid but, even if the X direction is larger than 
the Y one, the difference is not large enough to 
assume the discrepancy between 2D and 1D 
models would be negligible. This poses an is-
sue from the mathematical point of view: in 
fact, none of the 11 orthogonal coordinate sys-
tems listed by Morse and Feshbach [11] as 
separable for the Helmholtz equation can be 
used to represent the trapezoid-like geometry. 
This means that the eigenfunctions of the 
Helmholtz equation, i.e. the homogeneous 
heat conduction problem in space, are not a 
product of functions depending each one on a 
single coordinate. In other words, the separa-
tion of the space coordinates is not a viable 
path, and eigenfunctions depending on both 
coordinates at the same time should be looked 
for. 
The problem of eigenfunctions in non-separa-
ble space domains is an extremely interesting 
topic, still discussed in applied mathematics 
[12], [13], but the presentation and application 
of these methods goes beyond the scope of 
this paper, aiming at a preliminary dimension-
ing of the EDT elements. Hence, we will ap-
proximate the system as either a slab or a cyl-
inder in the X direction (i.e. on the vertical 
sections of the assembly passing through the 
symmetry center). The discrepancy with the 
actual 2D temperature profile is expected to be 
very small in the vicinity of the hexagon apo-
them and increase while approaching the hex-
agon circumradius. 
 
The Green’s Function 
The separation of variables can anyhow be ap-
plied to the space and time parameters and the 
solution, once applied the initial and BCs, 
yields the Green’s function [8] to be used in (7) 
















}∞𝑛=1  (8) 
 
The normalization integral depends on the 
adopted geometry, and includes an additional 
x term for the cylindrical geometry. In (8) ap-
pear the eigenfunctions 𝜓𝑛, which are solu-
tions of the eigenvalue problem associated to 
the homogeneous diffusion equation (1) and 
the BCs: the shape of the solutions depends 
on the system geometry 
𝜓𝑖,𝑛
slab(𝑥) = 𝐴𝑖,𝑛 sin (
𝛽𝑛
√𝛼𝑖













while the values of the coefficients Ai, Ci and of 




By imposing the BCs (3)-(6) one obtains a sys-
tem of 2M equations and 2M unknowns (Ai,n 
and Ci,n); in order to exclude the trivial solution 
and get the needed eigenvalues and eigenvec-
tors, an arbitrary unknown is set to a non-zero 
value. The eigenvalues of the problem are 
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those for which the determinant of the associ-
ated matrix is null [8]. 
Fig. 2 shows the value of the associated matrix 
determinant depending on 𝛽𝑛; the zeros of the 
functions can be found using a numerical 
method (e.g. the bisection method). In princi-
ple, for slab geometry the function is periodic, 
as it is a composition of periodic functions, but 
the period is often so large that it includes more 
𝛽𝑛 than actually needed to have a good repre-




The procedure described above has been 
coded into the MATLAB software. The follow-
ing results are calculated using such software 




As a first step in the assessment of the EDT 
element dimension, we test the effectiveness 
of the system in the transient depending on the 
thickness of the fuel layer. In order to have the 
highest thermal inertia, the initial thickness of 
the inert salt is set to 15 cm, and will be later 
reduced. As a first approximation, a slab geo-
metry is considered. 
 
Fig. 3. Maximum (solid line) and minimum (dot-
ted line) fuel temperature along the transient de-
pending on the fuel layer thickness. 
 
As shown in Fig. 3 the thickness of the fuel salt 
has a huge impact on the maximum tempera-
ture of the system; in fact, the larger the 
amount of fuel, the larger the heat generated in 
the system that has to be removed by each 
cooling assembly. With all tested fuel gaps the 
temperature keeps increasing even after one 
day; in addition, none of the systems is able to 
stay below the steel safety limit. However, it is 
not considered a valid option reducing the gap 
below 28 mm due to the high risk of blockage 
in the draining procedure. We will then proceed 
with such fuel gap, reducing the inert salt thick-
ness instead. 
 
Inert salt layer 
In order to comply with the limit, we consider 
reducing the inert salt thickness, which hinders 
 
Fig. 2.  Eigenvalue search for a slab case. 
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the heat transfer due to its low thermal conduc-
tivity, especially in the later phases of the tran-
sient, when the thermal capacity is saturated. 
One can see in Fig. 4 that the temperature 
trend of the different options start to diverge af-
ter a couple of hours, i.e. when the thermal ca-
pacity of the 7 cm inert salt layer approaches 
saturation; in a temperature profile, like Fig. 5, 
a measure of the remaining available heat ca-
pacity is given by the curvature of the profile 
(its second derivative): for a non-heat-generat-
ing material, a positive curvature indicates that 
some energy can still be stored, while a nega-
tive one denotes an excess of energy stored, 
e.g. due to the reduction of the temperature of 
the heated side. 
 
 
Fig. 4.  Maximum (solid line) and minimum (dot-
ted line) fuel temperature along the transient de-
pending on the inert salt layer thickness (top: 
slab; bottom: cylindrical geometry). 
 
The two figures show also that with the 5 cm 
configuration, a maximum temperature is 
achieved after 4-8 h (depending on the geom-
etry); after this moment, the heat generated is 
lower than the energy removed by the cooling. 
As such maximum temperature is below the 
steel safety limit, we can conclude that the sys-
tem is able to keep the fuel in a long-lasting 
safe condition. 
 
Fig. 5.  Temperature profile (cylinder) of the 
14/50 mm EDT element between 0 and 24 h, 
with intervals of 30 minutes (lines color is darker 
as time progresses). 
 
Grace time 
The large thermal inertia provided by the 
FLiNaK layer allows using the EDT as a com-
pletely passive system for some time before 
switching on the coolant flow. 
Fig. 6 shows the effect of the delayed activa-
tion of the cooling on the maximum tempera-
ture of the fuel salt, i.e. the main safety issue 
considered in this paper. It is clear that a delay 
of up to 2 hours has almost no influence on the 
fuel temperature, and one can also wait for 3 
hours with no concern on the temperature lim-
its. In case the grace time is extended to 4 
hours, instead, the temperature increases 
enough to slightly exceed the steel safety limit. 
In all cases, the plot shows that there is about 
30 minutes delay between the cooling activa-





Fig. 6.  Fuel maximum temperature (solid lines) 
and inert salt minimum temperature (dotted line) 
along the transient. 
 
Fuel salt solidification 
The assessment of the solidification behavior 
of the frozen salt represents an important mat-
ter for the EDT design. In the draining phase, 
a quick solidification should be avoided, as it 
could block the gaps and create an obstacle to 
a uniform and complete discharge. In addition, 
the fuel salt liquid state is required to ensure 
reversibility of the draining operation. 
 
Fig. 7.  Available fuel gap for salt flow in the first 
minutes after draining. 
 
The freezing of part of the fuel on the cooling 
assembly walls cannot be completely avoided 
if the EDT is initially at room temperature. Fig. 
7 one shows that the fuel temperature drops 
below the freezing point (872 K) after 3 
minutes; hence, if the draining were completed 
within such time, the salt could be distributed 
uniformly in the tank without any blockage 
risks. On the contrary, if more time were re-
quired, a detailed transient 2D analysis, includ-
ing also the chance of stratification of the solid 
fuel in the Z-direction, would be needed to as-
sess the expected distribution of the salt and 
be sure that the draining can be completed 
safely. Actually, the time required to freeze the 
inter-assembly gap is longer, as the simulation 
does not take into account the effect of the la-
tent heat, that should be removed too before 
freezing actually occurs 
Reversibility is guaranteed by the fact that 
complete remelting of the fuel salt, due to the 
decay heat, is achieved within 1 h 30’, as 
shown in Fig. 4. It has been already shown that 
the maximum fuel temperature reaches a peak 
between 8 and 12 h after the discharge. Once 
the generated heat is lower than what the cool-
ant is capable of removing, an adequate han-
dling of the coolant flow allows to keep under 
control the energy evacuated and so the tem-
perature of fuel, which hence can be kept 
above the melting point for a long time. This 
ensures the reversibility of the system in the 
long term. 
However, it should be taken into account that, 
due to the solidification/remelting behavior, 
any draining process forces the reactor to stop 
for a couple of hours, being such time needed 
for the fuel salt to melt again. Also, one should 
consider the effect of the thermal expansion in 
freezing/melting processes to exclude the pos-
sibility of structural damage. 
The solidification issue is one of the reasons 
why using more conductive materials (e.g. 
lead) is not advised: the heat transfer through 
the layers, in fact, is so fast that a remelting of 
the fuel salt could not be guaranteed. In addi-
tion, lead has a thermal inertia much lower than 
the FLiNaK, hence making difficult providing 





This study aims at analyzing the performance 
of the emergency draining tank of the molten 
salt reactor based on the temperature profiles 
calculated analytically using a Green’s func-
tions and orthogonal decomposition in a 1D 
geometry. The analytical approach proved to 
be very suitable for this kind of study, as it can 
be easily applied to simplified geometries and 
provide results which are accurate enough but 
can be obtained in very short time and with lim-
ited computational resources. It is considered 
of interest for future studies the extension into 
a 2D geometry, employing the state-of-the-art 
knowledge regarding the computation of non-
separable spaces eigenfunctions. 
The results show that it is possible to find a lay-
out of the proposed tank design that is able to 
keep the drained fuel temperature below 1200 
°C, representing the structural integrity limit. 
The same layout allows a grace time up to 3 
hours after the draining, during which no cool-
ing at all is required. Once passed a few hours 
(between 8 and 12) from the draining, the gen-
erated heat is lower than the evacuated heat, 
assuring the safety of the design; from this 
point on, a careful tuning of the removed heat 
flux can be used to keep the fuel salt in a liquid 
state for a very long time, ensuring the revers-
ibility of the draining operation. It is however 
not possible to avoid the solidification of the 
fuel during the draining in a containment which 
is kept at room temperature; fuel gaps take at 
least 3 minutes to become completely blocked, 
but this time does not take into account the ef-
fect of the latent heat, which should instead be 
considered in future studies. The solidified fuel, 
however, melts again completely within 90 
minutes; this however means that any dis-
charge results in a reactor stop, to allow the 
fuel to melt again. 
The proposed design proved to be able to com-
ply with the objectives required in very con-
servative conditions. Future analyses should 
start from this point, focusing on removing the 
assumptions made for this analytical modeling 
(e.g. by including the temperature-dependence 
of the material properties and assessing the 
convective motion) and so refining the design. 
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